We present ab initio Hartree-Fock calculations of electric field gradients, which are related to experimental determinations of nuclear quadrupole coupling constants. The nucleus of special interest is 17 0 but other nuclei in the molecules, especially N, 2 H and 33 S are included. The calculations were performed (a) as single molecules either at the SCF and MP2 correlated levels, (b) as clusters of molecules about a test site, or (c) as lattice calculations computed in the unit cell environment. The basis sets are triple zeta valence plus polarisation in (a). Because of limitations in exponent range in (c), the bases in both (b) and (c), where comparison was sought, are DZ at the SCF level.
Introduction
Our previous papers on a variety of organic and inorganic molecules contained 14 N, 10, 1 or 33 S, as well as other quadrupolar nuclei. They can be classified in three types: (a) studies of individual molecules at equilibrium [1] [2] [3] ; (b) small clusters of molecules [4] [5] [6] where a test molecule was surrounded by its nearest shell of neighbours from the crystal lattice; (c) lattice calculations where the calculation was carried out in the unit cell structure of the crystal [7] [8] [9] [10] [11] . In the present paper, we give examples of each type, from both organic and inorganic species; the principal isotopes of interest will be 17 0, but also 2 H and 14 N where present in the object. In (a) comparison is with gas-phase data (usually microwave spectral results); for (b) and (c) comparison is with NQR data from the solid state, and some NMR data from solution.
It is important to note a series of papers by , in which the 17 0 tensor assignments for a variety of small organic molecules were discussed, some of which are reconsidered here. These earlier papers used DZ bases [16] at experimental structures; the present work is more extensive, including several cases of inorganic systems, but will refer to the Gready assignments in a number of cases. 
Methods

Electric Field Gradients and Nuclear Quadrupole Coupling Constants
In each of Methods a, b, c, the electric field gradients (EFG, q tj ) are obtained from the electronic wavefunction (the 'electronic term', E) and converted to nuclear quadrupole coupling constants (NQCC, Xu) by means of the equations (1) and (2). In (1) we give only one electronic component of the tensor elements, a diagonal element (3z 2 -r 2 )/r 5 ); the full 3x3 symmetric tensor includes other diagonal elements by permutation of 3z 2 with 3x 2 and 3y 2 , as well as the off-diagonal elements 3 xy/r 5 etc. The total EFG elements contain the corresponding terms based on the positions of the nuclei (the 'nuclear term', N); thus, if the structure differs from the experimental one, the nuclear positions will build in a difference irrespective of the effect of the electronic components. It is also important to note that the sign of the EFG can often be reversed with no change in meaning, through alternative use of (1) , where either the sum or difference of the electronic and nuclear terms is taken, the sign being absorbed in the method of calculation of the electronic components. Thus GAMESS-UK operates on the sum of the electronic and nuclear terms, leading to the EFG terms being reversed in sign to other work. Other programs derived from PA60 of the POLY-ATOM code follow this practice of taking the sum of E + N.
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In (2) the best current value for Qq , and Q" are taken from Pyykko [17] 
Basis Sets
The GAMESS-UK program was used for single molecule and cluster studies, as in our previous work [1] [2] [3] [4] [5] [6] . We used a Huzinaga/Dunning [18] [19] [20] double zeta (DZ) or triple zeta valence with polarisation functions (TZVP) for some small system calculations. These are comparable with our previous work [4] [5] [6] and generally give reliable values for structural features and NQCC when compared with NQR data. The molecules were studied with the TZVP basis set using both SCF and MP2 methodology, so that the MP2 structures are at an electron correlated level, in which the whole set of electrons (core and valence) participate. This leads to a higher level of electron correlation than singles/doubles CI, which is usually limited to the valence shell as active space. The molecular systems studied are shown in Tab. 1, the equilibrium structures in Tab. 2, and the NQCC results and comparison with experimental data in Table 3 .
Lattice Calculations
We present a number of results using 'CRYSTAL-92', an ab initio Hartree-Fock SCF programme for periodic systems; this programme computes the electronic wave-function in the reciprocal space of the unit cell system, and hence generates a wave-function which represents the bulk material, rather than just a local environment. Integration is carried out over a set of cells until the integrals between the 'origin' and the extremities fall below some preset tolerance, and hence can be ignored. More detail concerning the basic method is given in the papers by Saunders et al. [9] [10] [11] and our implementation of it in recent papers on inorganic and organic molecules [7, 8] . The data input is the crystallographic space group, unit cell parameters, the asymmetric unit, the tolerances and other convergence criteria and the basis set. The principal results with these lattice calculations are shown in the NQCC data of In order to give quantitative comparisons between the lattice and cluster or single molecule calculations, we used the Huzinaga/Dunning [18, 19] DZ bases in 'CRYSTAL-92'. Low GTO exponents (a { ) for 2p in O, N and C (the values are 0.2137, 0.1654 and 0.1146, respectively, with the DZ basis) in a crystal lattice lead to nearly zero eigenvalues of the overlap matrix (S^) and hence numerical problems when it is inverted. This was overcome by projecting out the eigenvector whose eigenvalue is 10" 4 or smaller. 'Direct-scf' calculations were performed in most cases; i.e. the Fock matrix was computed directly without a complete set of integrals being preformed. This extends the CPU time by many times, since the overall integral set has to be recalculated at each iteration, but avoids the formation of very large 2-electron integral files. Use of the TZVP basis was not possible for these CRYSTAL-92 studies, because of the enhanced overlap problems.
Results and Discussion
Structural Features and Comparison with Experiment
Equilibrium structures with split valence (or better) GTO basis sets generally give good agreement with substitution structures from microwave spectroscopy. This is particularly true with cr-bonded structures; hence we make relatively few comments here. However, in the general case where the bond lengths and angles are significantly different from experiment, the inertial axes (IA) will be differently positioned, and hence M-wave IA-NQCC results will not compare, except where symmetry constraints apply.
Several of the molecules studied here are wellknown with microwave substitution structures (r s ) [21] ; we compare with the equilibrium structures (r e ) (Tab. 2) using the TZVP basis at both SCF and MP2 levels. Generally the MP2 calculations reduce the difference between the SCF results and the substitution structures, but both sets are close to experiment. It is not expected that r s will be idential with r e . A typical case is methyl formate, where several CO bond lengths occur; the MP2 structure is clearly an improvement over the SCF one. For furan, the problem with most basis sets is getting a balance between the C 2 0 and 
Spectroscopic Assignments Together with Theoretical Results
In the following Sections we discuss selected groups of compounds with the experimental information and results together, in order to try to correlate with bonding characteristics. Comparison with the NQR data and lattice calculations follows where possible, so that some comparison of vapour and condensed phase results can be made. It is important to remember that the lattice calculations cannot be performed under current coding in CRYSTAL-92 with TZVP bases owing to the diffuse nature of the exponents, whereas the DZ bases give a direct comparison of the two phases. A number of the molecules are planar with C 2v or C s symmetry; following our earlier procedures with cyclic molecules, where the local EFG principal axes are usually close to the radial (R) and tangential directions (T) in the ring structure, it is convenient to retain the same R/T nomenclature, but here the values relate to the two local in-plane axes, close to the XO bond (R) or perpendicular to it (T), with the third perpendicular component out-of-plane (7t). Table 3 . The 17 0 y zz lies along the c-axis (out-of-plane axis), with Xxx along the C 2v symmetry (b-axis). Theoretical studies with large basis sets obtain good agreement with experiment (Table 2) [16, 28] . Although the 2 H asymmetry is good for all calculations (Table 4) , only the MP2 calculation and a very large Slater type orbital one [28] seem to reduce the value of the /^-bonded term to close to the experimental value. The direction of Xzz i s 1^.5° from the OH bond axis, such that the projection of the axes behind the O atom has an angle of 72.2° to be compared with an HOH angle of 107.1°. The out-of-plane y n value is slightly larger than the other in-plane XT value.
Condensation of steam to ice leads to a quite dramatic reduction in x zz (Table 1 ). Single crystal neutron diffraction studies of Ice-I [29] show a disordered structure with half-atoms assigned to two sites in addition to a regular site. Ice-II has a more ordered structure (R3-CR) [30] with hexagonal columns of O atoms and one H between each pair, but the diffraction data were refined in the lower space group R-3. There are two molecules in the asymmetric unit [30] . The NQR data show 4 *H sites, but only one 17 0 site was found (Table 3 ).
The present study of the lattice could not include ice-I because of the necessity to use half-hydrogen atoms; the ice-II study with the DZ basis gave 2 sites with very differing r] for 17 0, but similar values for x zz ( Table 3) . The 2 H EFG gave different values for q at all sites, but basically in pairs 0.182 and 0.144 for the two molecules of the asymmetric unit. This is as observed by Edmonds et al.
[27], but we cannot be certain that the sites correspond in the two studies. Based upon water and oxirane, which is not a typical ether, these MW data for methanol suggest that y,, is positive and lies in the out-of-plane c-axis (/"), with the smallest value y xx lying along the in-plane y R axis. This is reminiscent of the case with H 2 S, Me 2 S and C 2 H 4 S as discussed previously [3] . However, the NQR data for both a-and ß-fovms of methanol show fine structure [34] , and this has led to analysis of the absolute signs for y zz being negative in each case. The proposition was that y yy lies perpendicular to the local C-O-H plane, but that Xzz anc * Xxx interchange directions, with y xx lying close to the HO bond axis and internal bisector of the C-O-H angle in the a-and ß-forms of methanol, respectively [34] . If all these conclusions are correct, then the directions of the tensors switch for methanol between the gas phase and each of the solid states.
The present study on methanol used both DZ and TZVP bases to determine the equilibrium structure at the SCF and MP2 levels (Tab. 2 shows the TZVP MP2 data only); the structural features especially at the MP2 level are close to those from M-wave spectroscopy [33] . The high asymmetry is found, but the principal value for the EFG lies in the out-of-plane direction, in agreement with earlier microwave considerations [31, 38] . The inertial axis values found in the present work are in good agreement with experiment. A direct determination of the solid state EFG in methanol was impossible owing to the disordered structure in a-and ß-isomers [40, 41].
The equilibrium structure for dimethyl ether at both the SCF and MP2 level with a TZVP basis gave the in-plane EFG tangential to the COC angle as the principal value. This implies a switch in axes relative to MeOH and water and, bearing in mind the high asymmetry in all three molecules, is quite probable. The oxirane calculations under the same basis set and methodologies gave the order y n >XR>XT i n magnitudes, with Xn positive and a much lower value for rj than in methanol. These results are all compatible with earlier calculations and the microwave studies. Thus is seems that the observation that y z , is the same in sign for water and oxirane may well be coincidental; the much lower value in jy is an indicator that a switch of axes may have occurred. It is clear that the value for y R is much larger in oxirane than the other molecules. This presumably reflects the ring strain.
Furan and tetrahydrofuran have been studied by 17 0 NMR yielding estimates of of 11 and 13 MHz, respectively [42] . The present calculations on furan all point to the equivalence of y 2Z with the tangential T-axis (Tab. 3), with the equivalence of y yy with y n . The same situation was found for thiophene [3] , which has a much larger asymmetry parameter. The lv O quadrupole coupling shows distinct asymmetry, as expected from the a + n bonding; the microwave data [48] show the largest y zz lying in-plane, but perpendicular to the CO bond (y T ) ( Table 3 ). The high asymmetry [r] = 0.694), is largely a result of a very small y aa (C 2 axis, y R ) component and a high negative 7z n component. Thus the distribution is quite different from that of CO or HNCO. All of the present calculations reproduce these trends.
Benzoquinone and y-Pyrone
A number of quinones have been studied by NQR [37], As with the formaldehyde molecule above, there are high asymmetry parameters. In the present work we optimised the structure of both title compounds and found the EFG tensor elements to follow those of formaldehyde; thus at the CO groups of both molecules the value of y, z is positive and directed in the plane in the tangential (T) direction to the CO bond; y n is negative in both cases. y-Pyrone has the property of both an ether and a carbonyl compound, and via a resonance situation has potentially a 67r-ring system together with an O" external to the ring. Most evidence points to the ring being more closely related to the classical non-ionic structure [49] . The present data show some considerable differences from either of the CH 2 0 and Me 2 0 molecules, but considerable similarity to furan at the ring oxygen (OJ. There are insufficient data to cover the aromatic character argument more fully.
Carboxylic Acids and Derivatives
This is the group of compounds most fully discussed by , and we therefore only note our own results and principal conclusions from Table 3 . The NQR spectra of a number of carboxylic acids have been obtained [50, 51] . Both the NQR spectra and crystal structures show a variety of sites for several molecules; there is insufficient accuracy in the lattice calculations to confirm assignments. As an example we chose di-deutero-formic acid which crystallises in orthorhombic form Pna2 x and has been studied by neutron diffraction at 4.5° [52] .
Carbonyl of Carboxylic Acids and Derivatives
These follow the conclusions of Gready that the x zz is positive and nearly tangential to the carbonyl group CO bond axis. The asymmetry parameter is quite strongly affected by the basis set; larger bases and MP2 both selectively lower the magnitude of x R , leaving nearly unchanged, with an overall lowering of
1-
Hydroxyl of Carboxylic Acids and Derivatives
The position is similar to the alcohols and water above, and discussed in detail by Gready.
